Long term time series acquired in the frame of radioecological monitoring programmes are useful tools for exploring the variability of naturally occurring radionuclide contents. The data set was established in order to investigate the role of discharge, flood type and flood chronicles on such variability within the suspended sediments. Preliminary results show that radionuclide geochemical properties as well as suspended sediment nature and particle residence time may in some particular cases significantly affect the U-Th series nuclide equilibrium.
Introduction
Radiological surveillance of the environment responds to a national concern and is consistent with a European approach to improve the quality of aquatic environments.
Long term time series of suspended solids and associated species in rivers acquired in the framework of monitoring programmes are useful tools to evaluate pollution levels, quantify fluxes towards marine environments and investigate mechanisms controlling the concentrations of various trace or major elements in rivers [1, 2] .
The Rhone River (South-East of France) is one of the largest rivers of the Mediterranean Sea. Its catchment area is characterized by great climatic and geological heterogeneity and the river has been under various anthropogenic influences for several decades (damming, river embankment, industrial and domestics effluents, and nuclear power plants). At the lower course of the river numerous studies have been dedicated to solid fluxes and associated contaminants with a particular emphasis on floods since such events have been shown to play a fundamental role on fluxes of suspended sediment [3] [4] [5] , trace and major elements [2, 5, 6] and artificial radionuclides [7] . Studies also focused on sediment and contaminant storages and dynamics in alluvial margins [7] [8] [9] , and allowed to assess the origins and subsequent levels of artificial radionuclides [10] . Concerning the Rhone River, only very scare data have been published for particle bound naturally occurring radionuclides and, to our knowledge, none refers to the soluble phase [11, 12] .
In this context, one of our first research objectives is to explore the variability of naturally occurring radionuclide contents within the suspended particulate matter (SPM) in relation to the origins of floods and the hydrographical areas. This paper gives preliminary results on the fate and geochemical behaviour of some naturally occurring radionuclides from monitoring data chronicles acquired over the past twelve years.
Study area and regional settings
The Rhone River constitutes the main water discharge into the Mediterranean Sea and delivers more than 80% of the solid compound to the Gulf of Lion continental shelf (North western Mediterranean Sea) [13] . The Rhone River is 816 km length and its watershed spreads over 97 800 km 2 ( Figure 1 ). The Rhone watershed area is mainly characterised by four mountainous catchments: the Alps, the Jura, the Cevennes, and the Vosges. This large mountainous catchment is related to strong climatic and geological heterogeneity as described in [2, 5] .
The Alpine mountains (Upper Rhone River, Isere and Durance watersheds) generally consist of sedimentary rocks and of siliceous crystalline and metamorphic rocks. On the north of the catchment, the Jura and Vosges mountains (Saone watershed) are mainly calcareous, while on the western part of the catchment, crystalline siliceous rocks dominate in the Cevennes mountains (Ardeche and Ceze watersheds).
The Rhone River's hydrological regime results from glacier-melt, snowmelt and rains [2] and is characterised by a consequent heterogeneity in water discharge due to the contrast in precipitations between mountains and plains. In the lower course of the Rhone River, there are four types of climatological regimes [4, 14] :
(1) Oceanic floods generally occurring in the winter and resulting from rains affecting the northern part of the river watershed (Fier, Ain, Isere, Saone); As a consequence of the heterogeneity of rainfall throughout the large catchment area, the water discharges and suspended solids concentrations display annual and inter-annual variability. The mean annual discharge is about 1 700 m 3 2 ), the Rhone River splits into two unequal branches: the Grand Rhone River and the Petit Rhone River (Figure 1 ). Our sampling station in Arles is located 10 km down the diffluence of the Rhone River on the Grand Rhone River, which drains about 90% of the water discharge [16] .
The Rhone River serves as an outlet for several industrial and domestic releases and for the low-level radioactive effluents from four nuclear power plants and one spent fuel reprocessing plant at present.
Materials and methods

Discharge measurements
Water discharge data is derived from fourteen gauging stations operated by the French company "Compagnie Nationale du Rhône" (CNR): at Beaucaire (total liquid discharge of the Rhone, downstream of the last confluence), at Arles (downstream the diffluence, 90% of the total liquid discharge), and at the downstream parts of the twelve main tributaries of the Rhone River: the Fier, Ain, Isere, Saone, Eyrieux, Drome, Ardeche, Ceze, Durance and Gard Rivers ( Figure 1 ).
Water and suspended solids sampling
The Rhone River Observatory Station in Arles (SORA) is an automatic sampling station devoted to the environmental monitoring of radionuclides in the Rhone River and operated by the IRSN. The SORA sampling station is situated closed to the CNR water discharge gauging station. The SORA station has been in use in its current configuration since 2003, and the sampling procedures evolved in the framework of routine water quality monitoring [17] or for specific studies [4, 14] . The current sampling scheme has been homogeneous since 2008 and water sample collection is described in detail in [12, 17] . Briefly, punctual and time-integrated SPM and filtered water samples are automatically collected according to different sampling and analytical procedures, especially depending on whether the discharge is below or above the threshold of 3 000 m 3 .s -1 . This flood threshold was chosen based on previous work [3, 15] and is mainly associated with the observed significant breakdown in the relationship between the total suspended solid concentration and the discharge that demonstrate the beginning of sediment transport under flood conditions at this flow rate.
Flood deposits
Apart from suspended particulate matter monitoring at the lower course of the Rhone River, flood deposits have recently started to be collected within the alluvial margins of the main tributaries just after flooding in order to characterise the various watershed source terms. 
Radionuclide analyses
Gamma ray emissions were analysed by direct gamma spectrometry with Germanium Hyper-Pure detectors [18] . For the radionuclides from the U-238 series, Ra-226 specific activities were based on measurements of its decay chain descendant Bi-214 and the assumption of secular equilibrium. The establishment of the radioactive equilibrium between Ra-226 and its short-lived daughters was assured by counting at least 24 days after hermetically enclosing the sample in radon tight containers [12] . Further on this time is sufficient for the radioactive equilibrium between the short-lived nuclides in the Th-232 series to be reached. All activities are reported in Bq.kg -1 of dry matter.
Results and discussion
Data set and relevance
Since 2000, about 85% of flood events that occurred at the lower course of the Rhone River have led to data acquisition though water samplings. Between 2000 and 2011, 385 samples dedicated to SPM analyses were collected, including 159 samples collected at low water discharge (Q < 3 000 m 3 .s -1 ), and 226 samples collected for 35 flood events (Q > 3 000 m 3 .s -1 ). Figure 2 shows the distribution of samples collected during floods. This distribution is established by considering the mean maximal daily water discharge recorded during flood events and the following discharge classification: ordinary high discharges (3 000 -4 000 m 3 .s -1 ), medium floods (4 000 -5 000m 3 .s -1 ), large floods (5 000 -9 000 m 3 .s -1 ), and exceptional floods (over 9 000 m 3 .s -1 ). Over the studied period, the major occurrence concerns, as expected, ordinary high discharges (74%). Two exceptional floods were registered during autumn 2002 and winter 2003. Figure 3 shows the distribution of samples collected for each flood type: oceanic, Mediterranean, extensive Mediterranean and generalised. Thanks to the long-term data acquisition at Arles since 2000, the various flood types were sampled, leading to relevant data that cover the whole range of climatic regimes generating floods. Nine floods (i.e. 20% of the total sampled floods) are not currently defined as the Sample distribution (%) among flood types.
hydrological dataset for the different tributaries is not still fully acquired. These additional data will enrich this preliminary dataset.
Regarding the radionuclide activity dataset, the available data depends on the radionuclides that were detected by gamma spectrometry measurements as part of them are under the limit of detection or not attainable (Table 1) . Naturally occurring radionuclides activity dataset from monitoring shows that Th-234, Pb-210, Ac-228 and Be-7 were detected in more than 80% of cases. Pb-214, Bi-214, Pb-212, Bi-212 and K-40 were only detected in 25% of cases. U-234, Pa-234 and Ra-226 have been very rarely detected (maximum 7% of cases). The number of available data in the particulate fraction is constrained by gammaspectrometry performance and low-level activities of naturally occurring radionuclides in freshwater environments. Table 1: Radionuclides detected.
Based on this dataset, Th-234, Bi-214, Ac-228, Bi-212 were preliminarily studied in order to highlight signatures or individual behaviour. Additional investigations are underway to characterise origins, fate and behaviour of naturally occurring radionuclides at the lower course of the Rhone River. In the following discussion, the activities of Ra-226, Ra-228 and Th-228 are estimated from Bi-214, Ac-228 and Pb-212 gamma measurements, respectively, assuming that each of U-238 and Th-232 decay series in the SPM is in radioactive equilibrium.
U-Th series disequilibrium: Th-234/Ra-226
U-238 produces Th-234 and Ra-226 radionuclides by radioactive decay. Figure 4 shows the relationship between the activities of Th-234 and Ra-226, at low and Not defined yet . If the Ra-226 was in radioactive equilibrium with its ascendant Th-234, the activities ratio Th-234/Ra-226 should be equal to 1 and the relationship would be linear with a slope equivalent to 1 (figure in dotted line in Figure 4) . The Th-234/Ra-226 activity ratio varies from 0.6 ± 0.2 to 2.4 ± 0.9. Even so, Figure 4 shows a radioactive disequilibrium between Ra-226 and Th-234, especially at low water discharge (< 3 000 m 3 .s -1 ). Does this radioactive disequilibrium reflect depletion in Ra-226 or enrichment of Th-234 in suspended sediments? Figure 4 :
Ra-226 vs. Th-234.
Depletion in Ra-226 hypothesis
Assuming a Ra-226 deficit, the fractionation observed between Th-234 and Ra-226 could be explained by the geochemical behaviour of Ra-226 in aquatic environments as radium is potentially soluble [19] . Therefore, such a fractionation would occur in the Th-232 series as well. Thus, assuming a geochemical fractionation favourable to the solubilisation of radium compared with thorium, the radioactive equilibrium between Ra-228 and its descendant Th-228 could not be reached. Figure 5 shows the relationship between the activities of Ra-228 and Th-228. The observed linear relationship, with a slope equivalent to 1, reflects the radioactive equilibrium between these two radionuclides. Therefore, there is no evidence of geochemical fractionation in U-238 and Th-232 nuclide series due to the preferential solubilisation of radium compared with thorium. As a consequence, the radioactive disequilibrium between Th-234 and Ra-226 reflects rather an enrichment of Th-234 in suspended sediments. Th-228 vs. Ra-228
Enrichment in Th-234 hypothesis
What are the parameters that can affect the quantity of Th-234 present in suspended sediments? Th-234 is a particle-reactive isotope while its parent, U-238, is generally nonreactive and known to be soluble and conservative in oxidized aquatic systems [19] . In the water column, Th-234 (half-life 24.1 d) is continuously produced in situ from the decay of soluble U-238 and rapidly adsorbs onto particles: this well known mechanism leads to "excess Th-234". The longer a particle stays in the water column the more it will be enriched in excess Th-234. This was particularly observed in marine environments and used to estimate the residence time of particles in various aquatic systems including the open sea, estuaries or lakes [20] .
In suspended sediments at the lower course of the Rhone River, Th-234 enrichment is observed mainly at low discharges as shown in Figure 4 , and no significant shift from the 1:1 ratio has being observed for high discharges (> 3 000 m 3 .s -1 ). So we suggest that suspended sediments mobilized in high flow conditions could therefore not stay long enough in water.
However, the hypothesis of an enrichment of Th-234 due to the radioactive liquid releases of U from the nuclear industry authorised at low water discharge (< 4 000 m 3 .s -1 ) cannot be totally excluded. Radioactive waste effluents are generally characterised by specific isotopic signatures [21] , so that isotopic measurements would give information about the origin of U in the lower Rhone River. Recently, U isotopic analysis was conducted on flood sediments collected in the lower course of the Rhone River near the SORA observatory station. The U-234/U-238 and U-235/U-238 activity ratios were equal to 1.0 ± 0.3 and 0.046 ± 0.011 respectively, which are equivalent to ratio values attributed to naturally originated uranium, i.e. 1.00 and 0.046 respectively [22] . Therefore, in sediments, there is no evidence of uranium enrichment due to industrial radioactive effluents. Th-234 enrichment observed at low water discharge could also be related to the U-Th fractionation in relation to weathering processes in the watershed [12] . Nevertheless, in suspended sediments of the lower Rhone, the activity ratio Ra-226/Ra-228 ranges from 0.8 to 1.2 with a mean value of 0.96 ± 0.10 at low water discharge, and ranges from 0.7 to 1.4 with a mean value of 1.04 ± 0.15 at high water discharge. These values do not differ from the mean ratio U-238/Th-232 characterising the upper continental crust [23] . Thus, we conclude that weathering is not significantly involved in Th-234 enrichment.
Finally, Th-234 enrichment observed at low water discharge could be related to the nature and origin of the suspended solids. Suspended sediments represent a mixing of particles derived from mineralogical, biological or anthropogenic origins and act as transport vectors for radionuclides. The ability of particles to fix radionuclides in aquatic systems is mainly related to their physical and chemical properties that may hugely vary depending on various parameters including grain size, organic contents, mineralogical composition and living/non living particles.
Conclusions
Radioecological monitoring chronicles provide relevant data set to explore the variability of naturally occurring radionuclide contents in river systems. This was demonstrated from the data set acquired at the lower course of the Rhone River since 2000. Our first results from gamma ray measurements on suspended sediments gave evidence on Th-234/Ra-226 disequilibrium that can be linked to various parameters including the nature, origins and residence time of particles.
